This paper presents a study of maximum power point tracking (MPPT) for photovoltaic arrays with only one current sensor. Initially, a review of MPPT methods with only a current sensor is performed with extension for a variety of dc/dc converters. Furthermore, the same topology is developed to achieve better performance in the presence of sensor offset and environmental noise. The proposed method is robust, cost effective, and behaves well dynamically and in the steady state. After a theoretical analysis of presented approach, its validity and effectiveness are verified by simulation and experimental results.
I. INTRODUCTION
In recent years, renewable energy sources, especially photovoltaic (PV) panels and wind turbines have experienced increased attention in terms of power generation. They are pollution-free, reliable and considered to be economical sources of electricity for remote areas. However, the installation costs of PV systems are high [1] , and they suffer from low efficiency. Additionally, the nonlinear characteristics of solar cells and their dependency on environmental conditions have a major impact on the complexity of their control techniques [2] .
To overcome the above mentioned issues, a variety of MPPT algorithms has been proposed to date. The inherent characteristics of each method make them suitable for particular applications. For instance, [3] , [4] present new approaches to solve tracking confusion under rapidly changing climate conditions. Reference [5] makes a comparative study of different MPPT methods in terms of operating conditions, number of sensors, convergence speed, and system cost. Considering above parameters, each method may be considered only for specific applications. According to [6] , the Perturb and Observe (P&O) algorithm has received a great deal of attention due to its simplicity and ease of implementation [7] . A comparative study of low-cost topologies demonstrates the effectiveness of P&O [8] .
Accordingly, a novel algorithm is presented in [9] . The proposed method is implemented by a simple microcontroller, utilizes only one current sensor and has a high overall efficiency [10] . On the other hand, it has been developed only for step-down buck converters and suffers from inherent oscillations around the MPP. According to [11] , the boost topology is superior for PV applications with its lower implementation cost and better dynamic response when compared with buck converters. Furthermore, in order to avoid the series connection of PV arrays, it is necessary to boost the input voltage. Therefore, in the first part of this paper, the concepts of the available topologies with only a current sensor are extended for different kinds of dc/dc converters. In the second part, the impact of sensor offset and environmental noise on the same methodologies are investigated. Referring to [12] , [13] , the measurement noise and sensor offset may deteriorate the performance of tracking algorithms. Hence, an analysis of environmental effects and proposing a robust algorithm against noise and offset errors would be a promising solution in practice and for critical applications.
II. MPPT WITH ONLY ONE CURRENT SENSOR
The major parameters that affect I-V characteristic of a PV module are temperature and irradiation. Under all conditions, there is only one operating point for a module with the highest power delivery. Using a power converter between the solar module and the load, it is possible to control cell voltage and track the maximum power point. Fig. 1 shows a simplified block diagram of such configuration with the application of a boost converter. The output voltage is almost constant due to the connection of battery packs in parallel with the load. Hence, the controller determines the converter duty cycle in a way that maximum power is delivered to the load at different temperature and irradiation levels.
According to (1) , the duty cycle represents the switching on-time within each cycle. Eqns. (2)-(4) demonstrate the relation between the cell input voltage, V pv and the load voltage, V bat , in buck, boost, and buck-boost converters, respectively.
Considering (2)- (4), V pv is written as:
where, D* is the equivalent of (1/D) in the buck converter, 
Since V bat is almost constant, the following definition is introduced for the equivalent power, P * .
The principal operation of the P&O algorithm is defined in a way that the cell voltage V pv is a little perturbed and the impact on the delivered power, P in is continuously observed. This procedure is repeated until condition (8) 
Substitution of (7) into (6) 
Due to the fact that the battery charging/discharging speed is much lower than the MPPT response, the value of is set to zero which yields:
In different kinds of dc/dc converters, the parameter D * can be determined according to the duty cycle value, D. As a result, in general form, the parameter D is perturbed and the equivalent power, P* is observed. Using this approach, only one current sensor is needed to estimate P* while conventional methods need at least two sensors to estimate P in .
III. IMPROVEMENT OF THE STEADY STATE AND DYNAMIC RESPONSE
In classic MPPT algorithms, a tradeoff should be made between the speed of the dynamic response and the steady state behavior by appropriate selection of the duty cycle steps. Therefore, in order to achieve a high performance under all conditions, an upadting procedure must be realized. In [14] , a modified adaptive method has been proposed for the Hill Climbing approach where the tracker automatically modifies the value of DD to improve the MPPT performance. However, in this paper a simpler algorithm is developed that uses a dynamical variation of DD within the tracking process. Fig. 2 illustrates a flowchart of the proposed method.
According to Fig.2 , the duty cycle value D and the step size ΔD are initialized with D 0 and ΔD 0 , respectively. Then, I pv is measured by the current sensor and the paramtere P* is calculated according to (7) . In the next step, ΔP*= P*(t+Δt)-P*(t) is computed and compared with the extreme value "e" that defines the acceptable oscillation around the MPP. If the conditional case ½DP*½> e is true, then the duty cycle is updated as follows.
When DP* is positive, the duty cycle is updated with D 1 = D 0 + K×ΔD 0 , where K is a constant integer, e.g. K =1. The negative sign on the other hand, means that the operating Boost converter Battery and load point has already passed the MPP. In this case, ΔD is reduced by a factor lower than unity for precise tracking of the MPP. The sign of K is then reversed and the value of the duty cycle is tuned for the next cycle.
To achieve fast tracking, the value of ΔD is chosen to be large enough at initial steps. Whenever DP* becomes negative, the sign of ΔD is reversed and its value is reduced. This procedure will be repeated until the value of ½ΔP*½ (or the oscillation magnitude around the MPP) becomes smaller than the extreme limit "e". When the variation of the step size is stopped (or the converter operates at the steady state), it should be able to exit the current situation by the irradiation level or temperature changes. To achieve this goal, the controller updates ΔD with a larger value at the steady state and waits for environmental changes. Using this strategy, the tracking time, oscillations around the MPP, and the power loss are reduced.
IV. SIMULATION RESULTS
To evaluate the behaviour of the proposed algorithm, the PV system shown in Fig. 1 is modelled in the MATLAB/SIMULINK environment [15] , based on the configuration shown in Fig. 3 . In this case, two parallel modules ("solar module 36/45") supply the load. The characteristic parameters of these modules are given in Table  I . Reverse saturation current of the diode (I0) 9.23nA
Number of series cells in a module (n) 32
The simulation results for the controlled system with the proposed MPPT algorithm are shown in Fig. 4 . The represented waveforms are the input power P in , the equivalent power P*, the PV current I pv , the PV voltage V pv , and the corresponding duty cycle as a function of time. The estimated maximum delivered power to the converter was approximately 41W, while a value of 90W, according to the module datasheet, was expected. This is due to the fact that the selected parameters, i.e. I sc =3.8A and V oc = 18V are chosen based on the real test conditions of Fig. 9(a) . In this experiment, the short circuit current and open circuit voltage were far from the ideal condition because of a low irradiation level and cell temperature. As shown in Fig. 4 , the converter duty cycle is increased by the controller from the initial value (D=0.5) to the point in which the maximum power is delivered to the load, i.e. D=0.59. It is also obvious that the PV output power P and the defined equivalent power P* demonstrate similar behaviour. In this section, the effect of erroneous current measurements on the deviation from the ideal MPP is investigated. As stated in [1] , MPPT algorithms typically utilize the cell short circuit current or open circuit voltage to tune the duty cycle and track the MPP. Any erroneous measurements in such approaches result in incorrect MPPT, while the stated procedure with one current sensor overcomes this issue.
First, the error is considered to be a constant deviation (or offset) from the ideal value, which is common in current sensors. Electronic amplifiers and analog-to-digital converters may be sources of dc offset. Fig. 5 shows the evaluation of the tracker in the presence of dc offset.
The module output power has been demonstrated for two different cases: considering the sensor offset and without any offset (or the ideal condition). According to Fig. 5 , the sensor offset causes incorrect estimation of the output power. The magnitude of the error depends on the cell operating point and increases by getting closer to the MPP. However, the mentioned issue will not affect the tracker operation since the corresponding duty cycle for MPP (in presence of the dc offset) is equal to the case where the offset equals zero. This advantage simplifies the implementation regarding the dc offset in measurements.
In the second part, the measurement error is considered to be a random type or (white noise). The tracker suffers from this type of error due to the surrounding environment, dc power supplies or the switching action of power converters. Like many conventional methods such as P&O and Hill Climbing, the presented method uses a differential term, i.e. ΔP*, to track the MPP. However, the application of differential terms will result in a low signal to noise ratio (or SNR) and a deterioration of tracker. The following simulation evaluates the performance of P&O and the suggested method in the presence of white noise. In this simulation, White Gaussian Noise is added deliberately to the sensed current. The corresponding result for a noise with a power of -35db is demonstrated in Fig. 6 .
As illustrated in Fig. 6 , both algorithms, which are implemented based on differential terms, are not accurate enough and may fail. Dark circles 1 and 2 highlight the deviation of the tracker during transient and steady state conditions, respectively. Such deteriorations lead to higher losses and weak performance in real conditions. As an alternative, a partial derivative expression is used instead of differential terms. Although this modification adds some complexity, it may be a solution to reduce the noise effect and to improve the steady state performance. In addition, because of accurate MPP detection, there is no oscillation around the MPP which implies higher efficiency.
VI. PROPOSING A ROBUST ALGORITHM FOR NOISY ENVIRONMENTS
As stated in section 2, the following equation may be employed for tracking the MPP in different kinds of dc/dc converters:
Inserting the value of P * according to (7) into (11) To solve the differential equation of (13), the partial term is rephrased. In this case, first I pv is calculated by substitution of the following relations (derived from Fig. 3 and equation (4) 
As a result, the following relation for is derived:
Substituting (19) into (13) 
The parameter REF is used to represent the value of .
According to (20), the tracker should modify the duty cycle D and measures the current I pv until the conditional case "REF = 0" is achieved. In practice, reaching this condition is not applicable due to the discontinuity of the duty cycle. Therefore, the best operating point is where the magnitude of REF becomes minimum (as close as possible to zero). It should be noted that (20) is valid for the boost converter while it can be recalculated for typical dc/dc converters in a similar way.
VII. INVESTIGATION OF A ROBUST ALGORITHM BY SIMULATION
To evaluate the performance of the proposed method, the last simulation is repeated in the presence of white noise. In this case, the module output power and the value of REF (or ) are demonstrated as a function of the duty cycle. Fig. 7 shows the simulation results while the system is asymptotically stable and any variations in the duty cycle at the steady state will be returned to the MPP by the tracker. According to Fig. 7(a) , the maximum power point corresponds to a duty cycle in which the value of REF is almost zero. Fig. 7(b) demonstrates the robustness of the proposed algorithm in terms of noisy current where tracking points are shown for two cases: considering white noise (blue points) and without noise (red points). Comparing the obtained results with those in Fig. 6(a)-(b) , the robustness of the tracker is confirmed. In the presented method with the concept of eq. (20), the parameters dependent on module temperature may affect the efficiency of the PV system, [16] [17] . Hence, for successful MPPT under all conditions, the effects of temperature variations on V T and I 0 need to be considered. Equations (21) and (22) describe the dependency of I 0 and V T on temperature, respectively.
where, I 0N and V TN are the saturation current and thermal voltage at standard temperature T N =300 o k. E g is the silicon band gap energy, k is the Boltzmann constant, and q is the electric charge of the electron. Referring to the literature, valuable contributions towards the model based methods for estimating the temperature of PV modules are available in [17] [18] [19] . In this paper, the NOCT model described in [17] is employed to estimate the cell temperature. The MPPT algorithm with the improved characteristics of being insensitive to noise, dc offset, and converter topology is shown in Fig. 8 . In the beginning, the cell temperature and the PV current I pv are measured. Then, the mathematical expression of (20) is calculated as a reference (termed as REF). This value is compared to the extreme parameter "e", which defines an acceptable deviation from the MPP. Then, the value of the duty cycle is updated within each period until the conditional case is satisfied. Like the explained algorithm in Fig. 2 , the duty cycle steps are reduced whenever the tracker passes the MPP. Moreover, to exit from the steady state in the case of environmental changes, the tracker looks for variations and modifies the parameter ΔD with a larger step size. The estimation of the cell temperature will be performed with a lower frequency due to the slower dynamics of temperature variations.
In order to analyse the performance of the explained algorithm, a setup similar to the structure in Fig. 1 has been implemented. The hardware setup includes two parallel modules ("solar module 36/45"), a low cost microcontroller, a boost converter, and three paralleled 60 Ah-12V lead-acid batteries with a resistive load. Fig. 11 shows an image of the hardware setup.
VIII. EXPERIMENTAL RESULTS
The first experiment was carried out at around 1:30 PM. Fig. 9(b-d) show the tracking process of a controller based on the presented MPPT algorithm.
As shown, the first three steps are larger to achieve a fast dynamic response. Then, the duty cycle step reduces to minimize the oscillations around the MPP and to improve the steady state performance. Fig. 9(c) shows the last three points that the controller oscillates between. It should be noticed that the oscillation margin may be reduced more by decreasing the extreme value "e". The variations of the PV voltage and current during the tracking process are shown in Fig 9(d) . According to this figure, the tracker found the MPP after 4 iterations (or 2 seconds) from system start up. As time passes, the voltage and current variations around the MPP reduce and consequently the power oscillations become lower.
The last experiment investigates the performance of the proposed algorithm under different conditions. This test was performed at around 6:30 PM where the irradiation level was lower. The results are shown in Fig.10 . It should be noted that the tracking is processed in existence of the dc offset from the current sensor.
Because of air pollution and air dust, the I-V characteristics of the solar panels were different from the ideal condition. According to the cell datasheet, the short circuit current for each module should be around 2.98A. However, in practice the maximum short circuit current was 2A. The measured I-V characteristics for the two parallel modules just before testing and for two different hours of a summer day are illustrated in Fig. 9(a) and 10(a) . 
IX. CONCLUSIONS
In this paper, after studying conventional algorithms that utilize only one current sensor, a novel MPPT method is proposed. The major characteristics of the presented algorithm are robustness against environmental noise with acceptable performance in the steady state and under transient conditions. Furthermore, it may be implemented for different kinds of dc/dc converters with the application of a simple and low-cost microcontroller. To improve the dynamic response and minimize the oscillations around the MPP, variable step size method is employed. The validity and performance of the new method are verified by simulation and experimental results. 
